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Abstract 

I present a brief overview on the interplay between magnetism and supercon¬ 
ductivity in one of the Fe-based superconductor systems, Fei+yTei_a;Se x , where 
the research of our group has centered. The parent compound Fei+ y Te is an an- 
tiferromagnet; with Se doping, antiferromagnetic order is suppressed, followed 
by the appearance of superconductivity; optimal superconductivity is achieved 
when x ~ 50%, with a superconducting temperature T c of ~15 K. The parent 
compound has an in-plane magnetic ordering wave vector around (0.5,0) (using 
the tetragonal notation with two Fe atoms per cell). When Se concentration 
increases, the spectral weight appears to be shifted to the wave vector around 
(0.5,0.5), accompanying the optimization of superconductivity. A neutron-spin 
resonance has been observed around (0.5,0.5) below T c , and is suppressed, along 
with superconductivity, by an external magnetic field. Taking these evidences 
into account, it is concluded that magnetism and superconductivity in this sys¬ 
tem couple to each other closely -while the static magnetic order around (0.5,0) 
competes with superconductivity, the spin excitations around (0.5,0.5) may be 
an important ingredient for it. I will also discuss the nature of magnetism and 
substitution effects of 3 d transition metals. 
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1. Introduction 


1.1. A brief overview 

The quest for an alternative superconducting mechanism was soon initi¬ 
ated after the discovery of high-temperature superconductivity in the lamellar 
copper-oxide materials l-[s|, which posed a great challenge to BCS theory Q|, 
the many-body theory developed by Bardeen, Cooper, and Schrieffer that suc¬ 


cessfully explained conventional superconductivity [ 4 ]. The key concept is that 
electrons form pairs aided by the electron-phonon interactions, and the pairs 
condense at the superconducting temperature T c . In the cuprate supercon¬ 
ductors, electron-phonon coupling is not sufficient to induce superconductivity 
with such high T c s 5, t|. In these materials, superconductivity develops from 
electronically doping a Mott insulator, and is in close proximity to the antiferro¬ 


magnetic phase sJ-Q. Thus, it is very promising that one may eventually work 
out the high-Tc mechanism by studying the interplay between magnetism and 
superconductivity. 

Research on this subject gained substantial momentum in 2008 with the 
discovery of superconductivity in compounds that contain Fe instead of Cu 
(termed “Fe-based superconductors”) [lOj, 0J|. The field was initially excited by 
the discovery of superconductivity in LaFeAsOi-^Fa, (labeled 1111 based on the 
elemental ratios in the chemical formula of the parent material) with T c = 26 K 


by Hosono’s group 


Q, 


following the group’s earlier report of superconduc¬ 
tivity in LaFePOi_ 3 ;F x with T c ~ 5 K [ic|. Soon after the initial discovery, 
the scientific community witnessed a burst of new Fe-based superconductors. 
So far, besides the 1111 system, other five major families of Fe-based super¬ 


conductors have been discovered, typified by BaFe 2 As 2 ( 122 ) 
(111) I6-I2J, Fei +y Tei_ x Se x (11) Id 


A x Fe 2 _ !/ Se 2 (A = alkaline elements) 3Q 34J. The crystal structures for the five 


12 


271, Sr 2 V0 3 FeAs (21311) 


15] , LiFeAs 
291, and 


families are shown in Fig. |T] (The 3 ^ 62 - 3,862 compounds are isostructural to 
the 122 ) h], H [d - iy . They are all tetragonal at room temperature, and 
have layered structures. The current record of T c in the bulk materials is 56 K 
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in Gdi-^Th^FeAsO 


39 


5 . 


This makes the Fe-based superconductors second 


only to cuprates in T Cl and for this reason they are often considered as another 
class of high-temperature superconductors. Comparing the differences and sim¬ 
ilarities between the two classes may help find the common ground underlying 
the high T c in these superconductors. 


LaOFeAs (1111) 


BaFe,As 2 (122) 

Ba As | 


LiFeAs (111) 




SryOjFeAs (21311) 


Fe(1) 


2tflT 


Figure 1: Schematic crystal structures for the 1111, 122, 111, 11, and 21311 type Fe-based 
superconductors. 


The distinct properties of the parent compound set the Fe-based supercon¬ 
ductors apart from the copper oxides. The undoped cuprates are Mott insu¬ 
lators, which are predicted by band theory to be metallic but turn out to be 
insulating because the otherwise itinerant electrons are localized due to the 
large Coulomb repulsion [t], S. In the Fe-based superconductors, their par¬ 
ent compounds are metallic [44|. This naturally leads to a different starting 
point, and a weak-coupling theory is often more favorable 




42|. |43| . Further¬ 


more, unlike cuprates where only a single Cu 3 d band is involved, four or five 
Fe 3 d orbitals are involved in the multiple bands that cross the Fermi level Q- 


This in some cases can complicate the interpretations 


441. Despite the differ¬ 


ences, these two classes of high-temperature superconductors share surprisingly 
similar phase diagrams 0]. With very few exceptions in the Fe-based super¬ 
conductors, the parent compounds exhibit long-range antiferromagnetic order, 
which is suppressed with doping, and superconductivity appears above a certain 
doping level 36-38j,|46-64], resembling the phase diagrams of the cuprate super¬ 


conductors 


[. Such a similarity immediately leads to the speculation that 
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the pairing mechanism may be the same, with mag netic excitations replacing 


phonons in the electron pairing interactions 


41 


M 


65t-6f|. However, because 


of the multiband nature of the superconductivity, orbital excitations have also 
been proposed as possible contributors to the pairing mechanism [44j, |69|, [70]. 


Although a consensus on the high-T c mechanism has not been reached so far, it 
is generally believed that studying the magnetic correlations has and will con¬ 
tinue to yield important results that are critical in understanding the high-T c 
superconductivity. 

With the tremendous efforts on studying the Fe-based superconductors, 
there has been a plethora of literature on this topic. A great number of compre¬ 
hensive and topical review articles are already available 


45 


M 


71 


■831. In the 


current work, I will only focus on the Fei+ y Tei_ x Se s system, with emphasis on 
the neutron scattering studies of the magnetism within this system. 


1.2. Fei+ y Tei- x Se x system 

Superconductivity in the Fei+ y Tei_ x Se x system was discovered in Fei+ySe, 


with zero resistance at T ss 8 K 


23]. For this system, the highest T c at ambient 


pressure was found to be ~ 15 K for Se concentration around 0.5 |24 25 
Under pressure, the T c in Fei+ y Se could be raised up to 37 K [84-86] 
more significant enhancement of the T c was reported by scanning tunneling mi- 


27]. 


A 


croscopy (STM) measurements on a single-layer FeSe thin film [87] .It was shown 
that there was a possible superconducting gap of 20 meV, suggesting that the 
T c could be above 77 K, although transport measurements only found zero 


resistance below 30 K 


87]. Later angle-resolved-photoemission-spectroscopy 


8 - 


(ARPES) measurements revealed a gap up to 20 meV that closed at ~ 65 K 
l9d| . More recently, transport measurements showed higher T c than that ob- 

l92 |. In particular, superconducting-like 


served in the initial report 


87 


91 


electrical behavior was observed at temperatures above 100 K from the in- 
situ transport measurements on the monolayer FeSe films using a four-probe 


method 


91] . These studies suggested that 56 K, the record of T c for the Fe- 


fi 


based superconductors might have been broken mm [93|. 
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Aside from the possible high T c in thin films, there are several other features 
that highlight the importance of this system. For example: i) The magnetism 
in its parent compound may have a different origin than in the other Fe-based 
compounds, as will be discussed in Sec. [2j ii) As can be seen from Fig. [TJ the 
crystal structure of the 11 system is the simplest; iii) As is obvious from the 
chemical formula, the 11 system does not contain As, so it is safer to handle; iv) 
Last but not least, large-size single crystals can be made available for this system 
(with x < 0.7). This is especially important for neutron scattering experiments 
because the limitations of neutron source strength and small scattering cross 
sections require the use of samples of considerable size (> 1 cm 3 ) to obtain 
reliable data in the given beamtime. 


1.3. Neutron scattering experiments 

Before I proceed, I shall discuss neutron scattering, the most powerful tool 
in characterizing magnetic correlations. Neutron scattering is analogous to X- 


ray scattering 


94[. They both can be used to probe the crystal structure and 


lattice dynamics ( i.e. phonons), but since a neutron carries a spin of 1/2, it can 
interact with the spin of the unpaired electron, allowing the material’s magnetic 
information to be revealed. Neutrons are charge neutral and interact with mat¬ 
ter through short-range weak forces, thus they have large penetration depth. 
This makes the bulk properties easily accessible by neutrons. The following 
discussions will be mostly on the magnetic scattering, whose cross section can 
be written as 95-9^| 

d 2 a 


_ _N_ki 

dftdEf h ki 


■p 2 e~ 2W S(Q,E), 


(1) 


where N is the total number of the unit cells, kf and ki are the final and incident 
neutron wave vectors respectively, p = -^gfi Q), -rr = 0.2695 x 10 -12 cm, g 
is the Lande splitting factor, /(Q) is the the wave vector Q-dependent mag¬ 
netic form factor, e _2W is the Debye-Waller factor, and S(Q,E) is the Q- and 
energy independent dynamical spin correlation function, which is the quantity 
one would like to obtain eventually. S(Q,E) is related to the imaginary part 
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of the dynamical spin susceptibility, %"(Q ,E) via the fluctuation-dissipation 
theorem [ 9 ^ . 


S(Q,E) = 


1 


•x"(Q ,E), 


( 2 ) 


7t 1 — e E / kbT 

where /tb is the Bohr magneton, and (1 — e~ E / kBT )~ 1 is referred to as the Bose 
factor. It also satisfies a simple moment sum rule for a system with spins S 
when one performs the integration over a Brillouin zone, f BZ S(Q, E)d 3 QdE = 

5(5+1) 


95 


Triple-axis spectrometers (TAS) and time-of-flight spectrometers (TOFS) 
that can probe both elastic and inelastic scattering processes are commonly 
used. For a TAS, the three axes correspond to monochromator, sample, and 
analyzer axes. When doing an experiment with a TAS, one often fixes the final 
energy Ef and varies the incident energy Ei. The energy is usually determined 
from the neutron wave length A by E = 81.79/A 2 , and A is determined using 
the reflection from a single-crystal plane according to the Bragg law A = 2dsin0. 
The spacing of the reflection plane d is defined by d = 2n/\J ~^t + + -§£, 

with ( HI\L ) being the Miller index, and a, 6, c being the lattice constants. The 
angle between the incident beam and the plane is 6. Pyrographites with (002) 
plane are often used as the monochromator and analyzer. It is quite convenient 
to probe S(Q,E) at a specific Q -E point precisely utilizing a TAS, with good 
Q and E resolution. It is suitable to measure systems where the signals are 
concentrated at certain regions. The disadvantage is that it only accesses a 
single point of the momentum-energy space at a time. If the spectral weight 
spreads over a wide range of Q and E, it will be very time consuming doing 
such an experiment. Also, the energy range is limited. For a TOFS, there is 
an array of position-sensitive detectors that allow a portion instead of a point 
of the momentum-energy space to be covered. The energies in this case are 
measured by the time neutrons taken to travel. Compared with the TAS, the 
availability of the TOFS is more limited, and the resolution is often more coarse 
for certain type of TOFS. Since they both have merits of their own, they are 
often used in complement to each other. 
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In describing the neutron scattering data, the wave vector Q of (Q x ,Qy,Qz) 
expressed in ( HKL ) has the reciprocal lattice unit (rlu) of (a*, b* , c*) = (2n/a, 2n/b, 2 tt/c). 
Throughout this paper, the tetragonal notation with two Fe atoms per cell is 
used (as shown in Fig. In this case the lattice constant a « 3.8 A. 

1-4- Organization of the article 

The remainder of this paper is organized as follows: in Sec. [H results on the 
static magnetic order in Fei+yTei-^Sea, will be presented; in Sec. [3l the spin 
dynamics of this system will be shown; in Sec. the origin of the magnetic 
excitations will be discussed briefly; in Sec. 0 the substitution effects using 3d 
transition metals will be summarized, followed by the conclusions in Sec. [6] 


2. Static magnetic order 



Figure 2: Phase diagram of Fei+yTei— x Se x , constructed from resistivity, magnetization and 
neutron scattering data on single crystals. The nominal Fe content is y = 0, unless speci¬ 
fied. SDW, SG, and SC stand for antiferromagnetic, spin-glass and superconducting phases, 
respectively. Reprinted from [g^I . © 2010 Physical Society of Japan. 
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It is convenient to discuss the magnetic order with reference to the phase 
diagram as shown in Fig. [2] (Ref. 62j). It was obtained by performing resistivity, 
magnetic susceptibility and neutron scattering measurements on single crystals 
grown using the Bridgman method 75]. Some modified versions have also been 


made by several other groups 59|-64], but the basic features are similar to those 
shown in Fig. [2] At a first glance, this phase dia gram is similar to those of the 

46-3 . There are several 


cuprate 


and iron-pnictide superconductors 


37 


important differences which need to be pointed out though: i) Unlike most 
other high-T c superconductors, where “doping” often refers to substitution of 
an element with another that has a different valence, here Te is isovalent to 
Se; ii) Superconductivity survives to x = 1, unlike most other systems where 
superconductivity disappears with carrier doping above a certain value Q]; hi) 
The material’s properties can be tuned not only by doping with Se, but also by 
adjusting the amount of excess Fe, so when writing the chemical formula for this 
system, there is a second variable. Indeed, the extra Fe is required for samples 
with small x to stabilize the crystal structure. 

Fei+yTe is not superconducting; it exhibits coincident magnetic and struc¬ 


tural transitions at ~ 65 K 


60 



99 101 . This behaviour is similar to that of the 


undoped phases of the 1111 and 122 materials 


37 


46-59 


61 


63| , and it is t here- 


27 


99 


10C 


fore often referred to as the parent compound for the 11 system 
102 . 103t . Initial band-structure calculations predicted that its Fermi-surface 


105 


104|; this had been 


topology should be similar to that of th e iron pnictides 

10t| . From the Fermi-surface-nesting 


confirmed by ARPES measurements 
picture [1041 ]. one would expect that this system would have a collinear (C-type) 


spin-density-wave (SDW) order with an in-plane wave vector (0.5,0.5), as shown 
in Fig. [3Kb) . However, this is in contrast to the experimental results showing a 
magnetic ordering vector of (0.5,0) by Fruchart etal. [107 ] in Fei.^Te a few 
decad es ag o. This result was confirmed by Bao etal. [99J in Fei.orsTe, and by Li 
100[ ] in Fei.oesTe; each of these had a bicollinear (E-type) spin structure 


et al. 


as shown in Fig. [3Ta). Even more surprising is the fact that ARPES measure- 
rnents had observed no SDW nesting instability along [0.5,0] 105111081 ]. Clearly, 

















































a simple nesting mechanism cannot account for these experimental results. 


Bicollinear(E) Collinear(C) 



Figure 3: (a) Schematic for the bicollinear (E-type) in-plane spin structure in the tetragonal 
notation of the 11 compound, (b) Collinear (C-type) magnetic structure for iron pnictides. 
Shadow represents the magnetic unit cell. 


The magnetic order in Fei+yTe is long ranged, with a moment size of 
~ 2.5 ^e/Fe for y = 0.05 at the base temperature [10l|. The moment size 
is significant compared to that in the iron-pnictide antiferromagnets (less than 
1 ns/Fe) 


46 


50j, but it is small compared to the effective moment estimated 
from the magnetic susceptibility in the paramagnetic phase |l0f| . The moment 
is found to be aligned mostly along the b axis as shown in Fig. EJa) 99j-101|. 


The large moment together with the absence of the Fermi-surface-nesting fea¬ 
ture along the ordering wave vector suggests that the magnetic order should 
be different from that of the Fe-pnictides where itinerant electrons dominate 
the magnetism. First-principle calculations considering the role of local mo¬ 
ments and the importance of Hund’s exchange coupling have provided better 


agreement with the experimental observations 
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110 - 1151 . 


The order also depends on the amount of interstitial iron 


99 


1 16l ~ lll8j ] . The 


excess Fe res ides in an interstitial site centered above (or below) a plaquette of 
four Fe sites 


101 


119l ]. The magnetic interaction between an inter stitia l and the 


Fe nearest-neighbors results in locally ferromagnetic correlations 


100 


1201 ] and 
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weak localization of the charge carriers 121]. Rodriguez et a l. have constructed 
a magnetic-crystallographic phase diagram of Fei +!/ Te 122]. They have found 
that the order changes as y increases through the critical excess F e content 
y r , from bicollinear commensurate to helical incommensurate 


122 , 


99 


100 


1161 . 


123]. The change in magnetic order correlates with the change i n th e low- 


temperature structural symmetry from monoclinic to orthorhombic 


122 


1241 . 


A very recent theoretical calculation explains this evolution as the excess Fe 
modifying the local moments’ Ruderman-Kittel-Kasuya-Yosida (RKKY) inter¬ 
action, which depends on the Hund’s coupling b etwe en the itinerant electrons 
and localized moments that is changing with y 1251 ]. It is worth mentioning 


that attempts utilizing spin-polarized STM to provide real-space imaging of the 
magnetic order in Fei+yTe have also been made, and the results appear to be 
consistent with those obtained from neutron diffraction measurements [l26| . 

Upon doping with Se, the order is suppressed, with a reduced ordering tem¬ 
perature (from 65 K to < 30 K with 0.1 Se) [62J, reduced size of the ordered 
magnetic moment (from 2.1 /in/Fe to 0.27 /zn/Fe) 
tion length (the magnetic peak is resolution limited in the parent compound, 
while with 0.25 Se doping, the order is short ranged with a correlation length 
of ~ 4 A 99|, 1271). For Se content above 0.15, there is a coexi stence between 


60], and shorter correla- 


the spin-glass and superconducting phase 


0, fl, £ 


101 


127]. Interestingly, 


a magnetic peak is only observed on one side of the commensurate wave vector 
(0.5,0), [ i. e. (0.5-5,0) and not (0.5±<5,0) with 6 being the incommensurabil¬ 
ity]; this is likely a result of an imbalance of ferromagnetic/antiferromagnetic 


correlations between neighbouring spins 


1271] . With further increase of the 


Se concentration, the superconductivit y o ptimizes with x ss 0.5, and no static 
magnetic order is observed (for y ~ 0) 


56 


60 


128]. 


Excess Fe ato ms a lso affect the magnetic correlations in the samples with Se 
doping. Xu etal. 129] have measured four samples: FeTe 0 .7Se 0 .3, Fe1.05Te0.7Se0.3 
FeTeo.sSeo.s, and Fe1.05Te0.55Se0.45. Both samples with y = 0 are superconduct¬ 
ing with the same T c of ~ 15 K, although the one with x = 0.3 has a smaller 
superconducting volume fraction. Also, there is short-range static magnetic or- 
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der near (0.5,0) in FeTeo. 7 Seo. 3 , while the sample with x = 0.5 does not exhibit 
magnetic order, short or long ranged. With 0.05 extra Fe, superconductivity 
in both samples is fully suppressed, and the magnetic spectral weight around 
(0.5,0) is strongly enhanced. In both samples, there is short-range static order. 
These results clearly show that the excess Fe stabilizes the antiferromagnetic 
order but anticorrelates with the superconductivity. 

Bendele and coworkers have constructed a three-dimensional phase diagram 


with two variables, concentrations of Se, x, and excess Fe, y 


nai ph 

lid. 


The depen¬ 


dence of superconductivity and magnetic order on both x and y can be more 
clearly seen from that phase diagram [Fig. 3(b) of Ref. jl3C)( |] . 

Since it is very challenging to grow single crystals of Fei+yTei-^Sea, with 
x > 70% because of the large vapor pressure of Se, neutron scattering results on 
the Se-rich side have been very limited [zf|S|- In the end member Fei +y Se, al¬ 
though it exhibits a symmetry-lowering structural transition on cooling through 


- 90 K 
troscopy 


131 


131 


13J1 measurements with local probes such as Mo ssba uer spec- 
1341 and 7 7 Se nuclear-magnetic-resonance (NMR) 135j indicate 


absence of static magnetic order. In studies of a sample that shows an increase 
of T c to 37 K under pressure, Mossbauer measurements indic ate a bsence of mag¬ 


netic order up to ~ 30 GPa 


84[. In contrast, Bendele etal. |136| have reported 


evidence for short-range magnetic order for P > 0.8 GPa based on nruon-spin 
rotation (/iSR) measurements; however, this sample shows a much more mod¬ 
est impact of pressure on the superconductivity, with a maximum T c of 13 K 
at 0.7 GPa. ARPES measurements by two different groups on the thin-film 
samples of FeSe have detected features suggesting the existence of magnetic 
order for certain range of carrier dopings 88, sjj. First-principle calculations 
have shown that the order can be of collinear type, the same as that in the 
Fe-pnictides [137j . or a unique block-checkerboard pattern [1381. 
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3. Spin dynamics 


3.1. Spin dispersions 

Spin excitations in the parent compound Fei+yTe which orders antiferro- 
magnetically below the Neel temperature Tjv have been first reported by two 
groups 


109 


139[. Lipscombe etal. have shown that their data can be fitted 


in terms of spin waves using the Heisenberg model, with anisotropic nearest- 
neighbour (NN) and isotropic next-nearest-neighbour (NNN) couplings [1391. 
In the work by Zaliznyak etal., it is found that a model with plaquettes of 
four ferromagnetically coaligned nearest-neighbour Fe spins that emerge as a 
new collective degree of freedom and have short-range antiferromagnetic corre¬ 
lations between the neighbouring plaquettes can more accurately describe their 
data 

There are many more reports on the spin excitations in the Se-doped materi¬ 
als which exhibit no long-range antiferromagnetic order. In the optimally-doped 
samples, the spin excitations emerge from the in-pla ne w ave vector of (0.5, 0.5), 


different from that of the parent compound 140|, Il41| . The evolution of the 
magnetic scattering from (0.5,0) to (0.5,0.5) will be discussed in Sec. 13.31 The 
spin-excitation spec trum of a superconducting FeTeo. 35 Seo .65 sample is shown 


142 


1431] ). The sample has a T c of 14 K. In the superconducting 


in Fig. [4] (Refs. 

phase [Fig. |3Ja)], there is very little spectral weight below 5 meV, indicating the 
opening of a spin-excitation gap of 5±1 meV. The magnetic scattering appears 
to be commensurate for energies around 5 meV, and becomes incommensurate 
at higher energies, thus displaying an upward parabola shape. A number of 


groups have reported similar spectra 140l 141, 144114 5], In fact, the dispersion 
is anisotropic, with the scattering pattern elongating only along the [110] direc¬ 


tion in the {HKD) plane, whereas the crystal has a four-fold symmetry 75.1141], 


Lee and coworkers have shown that by taking into account the spin-orbital cou¬ 
pling effects, this anisotropy can be explained 141j . For high temperatures, the 


shape of the spectrum changes, with the scattering being clearly incommensu¬ 
rate at the whole energy range, and the spectrum looks like a “waterfall”, as 
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shown in Fig. [Jb) 142 [. 

For samples with Se doping but without superconductivity ( e.g ., with more 
excess iron), the scattering is incommens urate , similar to that of the super¬ 
conducting samples at high temperatures 1461 . 1 147 ]. This indicates that the 


incommensurate to commensurate transition of the low-energy magnetic scat¬ 
tering in the superconducting samples may be related to superconductivity, but 
intriguingly, it is_found that this transition occurs at a temperature significantly 
higher than T c 


143 


147(. By following the temperature dependence of the scat¬ 


tering at 5 meV in the superconducting samples, which is centered at (0.5, 0.5) 
at low temperatures, it is shown that it splits into two incommensurate peaks 
displaced from (0.5, 0.5) at ~ 40 K, as shown in Fig. |U]c) |l4^. Theoretically, 
it has been proposed that short-range ordering of the Fe d xz and d yz orbitals 
will promote the Fermi-surface nesting between the electron and hole pock¬ 


ets 


148 


iS. 


Such a Fermi-surface topology can give rise t o the commensurate 


scattering based on the Fermi-surface-nesting picture 


1041 ]. Under the current 


theoretical framework, a nested Fermi surface is necessary for superconductivity, 


provided that the 


order 


42 


M 


66 , 


nesting 


150 


is not strong enough to induce long-range magnetic 


1511 ]. The short-range orbital ordering disappears with 


increasing disorder or temperature, resulting in the incommensurate excitations 
as well as the suppression of superconducting correlations. Lee et al. have done 
detailed random phase approximation (RPA) calculations, and identified the 


role of orbital correlations 


152]. The calculated im agina ry part of the spin 


susceptibility agrees well with the experimental data. 


152 ] 


3.2. The resonance mode 

In this section, I will discuss the “resonance” mode in the magnetic excita¬ 
tions, which is pr obably the most prominent feature of unconventional super¬ 
conductivity [153|. It describes the observation in inelastic neutron scattering 
experiments that the magnetic scattering at a particular E and Q has a sig¬ 
nificant enhancement when the system enters the superconducting phase. The 
resonance may provide important information relevant to the pairing symme- 
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Figure 4: (a) and (b), the magnetic spectrum of a superconducting FeTeo. 35 Seo .65 sample 
at temperature below and well above the T c of 14 K; (c), temperatur e de pendence of the 
magnetic scattering at E = Klo = 5 meV. Data are extracted from Refs. 


142 


1421- 


try, as it is predicted to occur at a particular wave vector that connects por¬ 
tions of the Fermi surface having opposite signs of the superconducting gap 
function 


154 


.1571]. Resona nce excita tions have been observed in a number 


of Fe-based superconductors 


158, 


159(, consistent with the presumed gap-sign 
change between the hole and electron pockets |l6Cl| . In Fei+yTei-^Sez, the 
resonance excitation h as been observ ed t o be near the (0.5,0.5) wave vector 


by several groups 


128, 

141, 

144 

146, 

161, 

162 


1621 ]. Note that this wave vector is 


rotated by 45° from the magnetic ordering wave vector, whereas for iron pnic- 
tides, both m agnet ic order and resonance occur around the same wave vector of 
(0.5,0.5) |l58l . ll59l |. In fact, it is inco mme nsurate in Q, peaking at (0.5±<5,0.5=F<5) 
in a direction transverse to (0.5,0.5) 141} . Compared to the magnetic excitation 


spectrum above T c [Fig. UJb)], the low-temperature spectral weight is greatly 
enhanced around (0.5,0.5) and the resonance energy of ~ 6.5 meV, as shown 
in Fig. (5]]a) jl6l| . The resonance is a quasi two-dimensional excitation, with 
little L dependence ( 7 ^. The resonance energy corresponds to — 5kBT c , similar 
to those of other high-T c superconductors [791 ]. Accompanying the resonance, 
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Figure 5: Spin resonance in FeTeo. 6 Seo. 4 - (a) and (b) show the spin excitation spectrum as 
a function of Q and energy at 1.5 and 30 K respectively. Inset in (b) shows the resonance 
intensity as a function of temperature. Data are obtained from Ref. 


1611- 


there is a spin gap with an energy of 5±1 meV; the intensity be lo w th e spin 
gap is shifted to the resonance in the superconducting state [128l 161]. The 


temperature dependence of the resonance intensity looks like the superconduct¬ 
ing order parameter, as shown in the inset of Fig. [U]b), demonstrating its close 
relationship with superconductivity. 

Since superconductivity can be suppressed by an external magnetic field, one 
will naturally expect that the field should impact the resonance if it is rela ted to 

163 ] and in Lai^Sro.igCuC^ 


the pairing, as seen in YBa 2 Cu 3 C> 6.6 


periment on FeTeo.sSeo.s indeed gives positive answers [1281 ]. It is shown that 


164 ]. Ex- 


under an external field of 7 T, the resonance starts to appear at a lowered T c , 
12 K, with reduced intensity, coincident with the suppression of the supercon¬ 
ductivity; however, there is no dete cta ble change in either the resonance e nergy 
or the width of the resonance peak [l28| . With a field of 14.5 T, Zhao et al. 165 
have shown that in BaFe 1 . 9 Nio. 1 As 2 , both the resonance energy and intensity 
are reduced, and the resonance peak is slightly broadened. 

It is believed by many researchers that the spin resonance is a singlet-to- 
triplet excitation of the Cooper pairs 156 . 157 . 16 g| . In principle, inelastic 
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neutron scattering experiments under magnetic field should be able to test this 
hypothesis. A magnetic field should induce a Zeeman splitting and lift the 
degeneracy of the triplet excited state [1631] . Bao et al. 1671 ] have tried to address 


this problem by applying a 14-T field on FeSeo. 4 Teo. 6 , and it appears that the 
field induces two additional peaks, consistent with the assumption that the 
resonance is a triplet. However, a more recent experiment show s th at the field 
only reduces the spectral weight around the resonance mode 168|. Perhaps 


relevant to this debate is a recent magnetic-field study on the resonance in the 
heavy-fermion superconductor CeCoIns, which reports that the resonance is a 
doublet, as the field splits it into two peaks [1691 ]. This result is however in 
contra st to the earlier studies where only reduction of the resonance energy is 
found jl70l Il71| . With no doubts, the debates on the nature of the resonance 


mode will be continued. 


3.3. Doping evolution of the magnetic excitations 

As shown in Sec. [H the non-superconducting parent compound Fei+ y Te has 
static magnetic order with a bicollinear spin configuration. In these samples, 
spin excitations emerge from (0.5,0). In samples with robust superconducting 
properties, there is strong magnetic scattering around (0.5,0.5) with a spin reso¬ 
nance below T c . The excitations correspond to spin correlations of the collincar 
type. It is natural to ask how the spin dynamics evolve from the parent com¬ 


pound to the optimally -dop ed materials. A number of theoretical [1131 115] and 


experimental [6y, Il29l 140, 1146 ] studies have been carried out on the doping 
evolution of the magnetic correlations (stat ic a nd dynamic) and their connec¬ 


tion with superconductivity. Lumsden et al. 


1401 ] have performed measurements 


using TOFS on two samples, a non-superconducting Fe 1 . 04 Te 0 . 73 Se 0.27 sample 
and a superconducting FeTeo. 51 Seo .49 sample. It is clearly shown in Fig. [ 6 ]]a) 
that at 5-7 meV, for the non-superconducting sample, the spectral weight is 
mostly concentrated around (0.5,0), where static magnetic order is observed. 
For the superconducting sample, magnetic excitations near (0.5,0.5) are dom¬ 
inant, as shown in Fig. [HTb) . On the other hand, the high-energy (larger than 
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120 meV) spectrum looks qualitatively similar for these two samples 140|. Sev¬ 
eral other groups have shown similar results that support the same conclusions: 
the spectral weight around (0.5,0) is related to the static magnetic order that 
competes with superconductivity, while the collinear spin correlations appear to 
be strengthened as superconductivity is optimized 


r sp : 
60 , 
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Figure 6: (a) Constant-energy cut of the magnetic excitation spectrum at an energy transfer 
of 6 d= 1 meV for the non-superconducting sample Fe 1 . 04 Te 0 . 73 Se 0.27 at 5 K. (b) Pl ot fo r the 
superconducting sample FeTeo. 51 Seo .49 at 3.5 K. Reprinted with permission from 
2010 Macmillan Publishers Ltd. 
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The second variable y in Fei+j,Tei_ x Se x also affects the magnetic excitations. 
By systematically studying the effects of excess Fe, it is shown in Ref. jl29^ that 
increasing excess Fe acts like reducing the amount of Se in terms of tuning the 
spin excitations—with more Fe, the low-energy excitations close to (0.5, 0) are 
enhanced, while those close to (0.5,0.5) are suppressed, along with supercon¬ 
ductivity. The extra Fe can induce short-range static magnetic order in the 
samples where no such order is present. These results reinforce the idea that 
the bicollinear E-type spin correlations are harmful for superconductivity, while 
the collinear C-type correlations may be compatible with it. In the parent 
compound Fei +y Te, Stock etal. |172[ have also shown that by changing y, the 
low-energy magnetic excitation spectrum can be dramatically modified, thus 
demonstrating the important role of excess Fe. 
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4. Nature of the magnetism 


As in the cuprat es, t he origin of the magnetism in the Fe-based compounds 
is heatedly debated [173J. There are three main scenarios on this debate. First, 
there is the loca 
pling dominate 


there is the localized-mom ent p icture, where strong correlation and Hund’s cou- 
174 I175| . Second, there is the opposite case, where itin- 


112 


erant electrons contribute to the moments at low temperature as a result of 
the SDW instability, which depends criti cally on the nesting properties of the 


Fermi surface 


42 


66 


104. 


r_dep 

m 


121 


m- 


176-1801 . Given the metallic behavior of 


the Fe-pnictides, this idea is generally more favorable. A third possibility is 
intermediate between these two cases, where some of the d-electrons are indeed 


ment 


76 

125, 

181. 

182 


182]. In addition to these three cases, there is the possibility 


that none of these is correct, but instead, that the magnetism derives simply 
from the energy gain associated with transfer to lower energy of one-electron 
density-of-states (DOS) spectral weight ( 49 I . 

For Fe 1 +y Te 1 ,,Se r . opinions are more divided compared with ot her F e-based 


superconductors 


magnetic moment 


10J. 1 

" B, 


183], as it has stronger electronic correlation Il84j . larger 
and poorer metallic properties |t 3 | . More importantly, 


as discussed in Sec. 0 a simple nesti ng p icture in an itinerant electron model 


cannot describe the magnetic order 11051 ]. However, for the magnetic excita¬ 
tions around (0.5,0.5), Argyriou etal. have shown that the incommensurate 
spin excitation spectrum can be fitted well assuming that the excitations are 


quasiparticle scatterings between the hole and electron bands 


1451] , but the lack 


of temperature dependence of the s pect ral weight and the large moment size do 
not agree with the itinerant model 1421 ]. X-ray emission spectroscopy measure¬ 


ments on Fei+yTei-^Sea; suggest that the magnetism has a dual nature, with 
contributions from both localized spins and itinerant electrons Il85| . This is con¬ 


sistent with the transport and magnetic susceptibility results that show both 
itinerant electrons and local moments exist in the system 26), Il86| . The se tw o 
components are further shown not to be isolated, but instead entangled y. 
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5. Substitution effects of 3d transition metals 


There have been extensive studies on the effects of substitution with 3 d tran- 


187- 


sition metals (such as Co, Ni, Cu, etc) in the Fe-based superconductors 
Q- Some initial studies on BaFe 2 As 2 (Bal22) have suggested that 3d met- 


als sucl 

as 

Co, 

donors 

187. 

190 

model 

192 

19J] 


191); this process can be described using a rigid-band shift 


However, such a model has faced serious 


both experimental and theoretical perspectives 


188, 

189, 

195 

197 


mor e, there is a dichotomy between Co/Ni and Cu substitution effects 


188 . 


190 


191 


196 


198 . 


187 


199( |. In Fei +y Tei_ a ,Se x , Cu is also found to have a 
stronger suppression on both the conductivity and superconductivity than Co 


and Ni 


80 


200-206|. 


The author and collaborators have performed resistivity and inelastic neu¬ 
tron scattering measurements on three samples of Feo. 98 -zC 1 uTeo. 5 Seo 5 with 
z = 0, 0.02, and 0.1 (labelled CuO, Cu02, and CulO respectively) 2071. It is 


found that with increasing Cu doping the sample’s resistivity deviates progres¬ 
sively from that of a metal. The Cu02 (in the normal state) and CulO samples 
behave like three-dimensional Mott insulators, similar to the behavior in Cu- 
doped FeSe for Cu doping larger than 4% 


201 


202 ]. Meanwhile, the low-energy 


(< 12 meV) magnetic scattering is enhanced in strength, with greater spectral 
weight and longer dynamical spin-spin correlation lengths. Such an enhance¬ 
ment of the low-energy magnetic scatterings by Cu doping is intriguing. One 
plausible interpretation of the results is that the main effect of Cu substitu¬ 
tion is to introduce localization into the syste m and sup press the itinerancy, 


and thus to enhance the magnetic correlations 


175i. 19l] . In the case of Cu- 


doped FeSe, it has also been suggested that Cu substitution introduces local 
moments, and when Cu doping equals 0.12, the sample exhibits a spin-glass 
transition 20l| . More recently, our group have also found evidence that Co/Ni 
and Cu have different effects on magnetic excitations j208| . co nsist ent with the 


different responses of transport properties to these impurities 
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The effects of Cu substitution in the parent compound Fei.iTe have also 
been studied Loll . It is found that Cu drives down the structural and magnetic 
transitions, with long-range nearly-commensurate magnetic order retain ed in 
Fe 1 . 06 Cu 0 . 04 Te, but only short-range incommensurate order in FeCuo.iTe [209 1. 


In the latter sample, the structural phase tr ansit ion is not obvious and a tran¬ 
sition to a spin-glass state is found at 22 K { 209 ! . In Fe 1 . 06 Cu 0 . 04 Te, the initial 
structural and magnetic ordering occurs at 41 K, involving short-range incom¬ 
mensurate or der that abruptly shifts to long-range nearly-connnensurate order 
below 36 K 209l | . Inelastic scattering measurements indicate a spin anisotropy 


gap of 4.5 meV in the nearly-commensurate phase 


209| • The results are con¬ 


sistent with the idea that the frustration of the exchange interactions between 
the coupled Fe spins increases as more Cu is added. Although both the struc¬ 
tural phase transition and magnetic order are s uppr essed with increasing Cu 


substitution, superconductivity is not observed 


2091 ]. The key issue is likely 


associated with the spin configurations. Although there is a suppression of the 
magnetic order at (0.5,0), no evidence of the enhancement of the C-type spin 
correlations has been observed. This is another piece of evidence for the im¬ 
portance of low-energy fluctuations near (0.5,0.5) to the superconductivity in 
Fei +y Tei-a, Sea,. 


6. Summary 

To summarize, I review the progress of neutron scattering studies on the 
Fe-based superconductor Fei_|_j / Tei_a;Sea;. Many important results concerning 
the relationship between spin and superconductivity have been reported thus 
far. Particularly, while the bicollinear spin correlations appear to compete with 
superconductivity, the collinear correlations seem to promote it. I have also 
shown that both local moments and itinerant electrons may contribute to mag¬ 
netic excitations. Substitution with different 3 d, transition metals may have 
varying effects in the 11 system; for example, the main effect of Cu is to induce 
localization. 
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Although the research pace has been extremely fast, there still remain many 
challenges. For example, it appears relatively easy to make large single crys¬ 
tals for Fei+uTei-^Sej, (x < 0.7), but it is difficult to have them be homoge- 
10 212]. Also, the extra Fe can sometimes complicate interpretation. 


neous 


21C 


Therefore, homogeneous samples with more precisely controlled stoichiometry 
may provide a better understanding of the physics. This goal may be achieved 
by using a small er c ooling rate during the growth, or annealing the as-grown 
216]. Given the many interesting reports on the thin-film sam- 
- 92|. it is certainly worth putting more effort to growing single 


crystals 


64, 


213 


pies of FeSe 


87 


crystals of FeSe. Recent studies hav e reported the growth of phase pure crystals 
of superconducting FeSe 


217 


218fl. On the measurement side, there are still 


many things that can be done. For example, the origin of the resonance and 
the magnetism are still not fully understood, and require further investigation. 
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